Purpose -Virtual learning environments (VLE) have become a prevalent tool in higher education institutions for supporting and facilitating both teaching and learning. They form a platform for teachers and learners to access lecture notes, read announcements, communicate with others, complete assignments, participate in discussions and group work, and take quizzes and tests. Nowadays, there are plenty of commercial VLE systems available in the market. Each of them possesses its own characteristics and features. The purpose of this paper is to measure the performance of these systems, which helps the decision makers to select the appropriate system for their institutions.
Introduction
A virtual learning environment (VLE) is a software system designed to support teaching and learning. VLEs generally operate on the World Wide Web, and, therefore, they can be accessed both on and off-campus, provided that the users are registered and can access the Internet. This overcomes the limitation of traditional face-to-face teaching, and ensures that learning is neither confined to geographical location nor time. VLEs are becoming more popular and embedded in many higher education institutions around the world. It is not only because of their flexibility, but also because they provide a wide variety of tools or facilities, including content delivery, assessment, evaluation, communications, and so on (Chin, 2004) .
There are various commercial VLE products or systems available, such as Blackboard, COSE, Learnwise, and WebCT. Each of them possesses its own characteristics, and is used in different higher education institutions. A question is, therefore, raised "Which VLE system performs the best?" The advantage of selecting an optimal VLE system is to facilitate faculty members in the management of module contents and also enhance the learning experience of students through the assessment, evaluation, and communication tools. Therefore, an evaluation and selection of VLE systems is a crucial strategic decision for a higher education institution.
To assist the VLE system evaluation or answer the above query, this paper develops an integrated multiple criteria decision making approach that combines the analytic hierarchy process (AHP) and quality function deployment (QFD). In the approach, multiple evaluating criteria are derived from the requirements of higher education stakeholders using QFD. The importance of evaluating criteria is prioritized with respect to the degree of achieving the stakeholder requirements using AHP. Based on the ranked criteria, alternative VLE systems are evaluated and compared with each other using AHP again to make an optimal selection. This paper is organized as follows. Section 2 reviews the relevant literature concerning the applications of individual AHP, individual QFD, and the integrated approach in higher education. Sections 3 and 4 describe the principles of AHP and QFD, respectively. Section 5 presents the computational procedures of the integrated approach for the VLE system selection. Section 6 demonstrates the implementation of the proposed approach in a real case.
Section 7 analyzes the results, and investigates how the performance of the selected system can be improved further. Finally, Section 8 concludes the paper. Kwak and Lee (1998) studied the problem of allocating higher education institution"s resources to IT-based projects. AHP was used first to evaluate the relative importance weightings of alternative networking methods (one of the IT-based projects) with respect to four criteria: risk, performance, conversion, and development. The weightings were then incorporated into the objective function of the goal programming model. The model was to select the optimal combination of projects according to the limited budget available. Ozdemir and Gasimov (2004) formulated a binary nonlinear programming model with multiple objectives for the faculty course assignment problem. Due to the complexity of the model, they reduced the multiple objective functions to a single objective function. AHP was used to determine the relative importance weightings of the objectives or the preferences of instructors and administrators. The reduced integer linear programming model was to select the best assignment so that the instructor and administrator satisfaction was maximized. Badri and Abdulla (2004) proposed a model that identifies relevant and essential criteria in measuring the performance of individual departmental staff for reward purposes.
Related work

Applications of AHP in higher education
AHP was adopted to prioritize three criteria: research and publication, teaching, and community and university services. The higher score a faculty member gets, the higher possibility that he/she can win awards for excellence.
Kim, Han, Kim and Choi (2005) focused on the curriculum design for e-commerce security. AHP was used to determine the priority rankings of alternative e-commerce security courses with respect to the comments of professionals in universities, research institutes, ebusinesses, and IT companies. Lee and Lee (2006) investigated the factors affecting the selection of subject specialization by business students. The authors applied AHP to rank the alternative subject streams, including accounting, finance, information systems, management, management science, and marketing, with respect to four criteria: personal, others, institutional, and career preferences. Ho, Dey and Higson (2007) studied the resource allocation problem in a university.
AHP was used first to determine the relative importance of the proposed projects with respect to three university"s goals: teaching, quality, and consultancy. The relative importance was then incorporated into the goal programming model. The model was to select the best set of projects that contributes to the university most. Besides budgeting constraints, other resources were considered in the model, such as space and time. Jaraiedi and Ritz (1994) applied QFD to improve the quality of engineering education at the West Virginia University in the United States. Based on student expectations from classes that they attend, several design requirements that will fulfill the demands were proposed. The design requirements with higher importance ratings should receive more attention. Wiklund and Wiklund (1999) used QFD to improve student satisfaction and learning at the Luleå University of Technology in Sweden. By focusing on the student needs, multiple attributes of a graduate course in quality technology were developed. Besides applying QFD to identify which course attributes should be incorporated, the authors carried out two separate conjoint analyses. The first analysis was to study how the project course should actually be performed in order to enhance student satisfaction, whereas the second analysis was to identify the factors that have a positive effect on student individual learning. Hwarng and Teo (2001) designed and delivered an operations management course at the National University of Singapore with an aid of QFD. Three houses of quality (HOQ)
Applications of QFD in higher education
were constructed, including HOQ1 -linking student wants and service elements, HOQ2 -linking service elements and key process operations, and HOQ3 -linking key process operations and operations requirements. Besides course design and delivery, the proposed methodology was also applied to student online course registration and to staff research grant application. Duffuaa, Al-Turki and Hawsawi (2003) applied QFD to design and deliver a basic statistics course at the King Fahd University of Petroleum and Minerals in Saudi Arabia.
Instead of simply listening to student voices, requirements of faculty members and organizations from industry were also considered. Several alternative course design concepts that satisfy the requirements were developed. Sahney, Banwet and Karunes (2003; used QFD to improve the quality of education and student satisfaction at the Indian educational institutions. A single HOQ that links the student requirements and design characteristics was created. The interrelationship between the different design characteristics was determined in order to identify the minimum set of characteristics that can achieve the relatively important student requirements.
Chou (2004) Köksal and Eğitman (1998) applied the integrated AHP-QFD approach to improve the quality of education for the Department of Industrial Engineering at the Middle East
Applications of the integrated AHP-QFD approach in higher education
Technical University in Turkey. AHP was adopted to evaluate the importance ratings of stakeholder requirements. The alternative education design requirements were then prioritized based on the AHP ratings together with the relationship weightings between the education requirements and stakeholder requirements. Lam and Zhao (1998) used the integrated AHP-QFD approach to identify appropriate teaching techniques. AHP was used to evaluate the importance ratings of student requirements with respect to three criteria: skills development, interest and knowledge, and examination and job. Similar to Köksal and Eğitman (1998) , the alternative teaching techniques were prioritized based on the AHP ratings and the relationship weightings between student requirements and teaching techniques.
Summary
The applications of AHP, QFD, and their integration are summarised in Table I . The applicability of AHP in higher education is broad. It has been applied to three of the main higher education decision problems (Ho, Higson and Dey, 2006) , including resource allocation (Kwak and Lee, 1998; Ho et al., 2007) , performance measurement (Badri and Abdulla, 2004; Kim et al., 2005; Lee and Lee, 2006) , and scheduling (Ozdemir and Gasimov, 2004) .
QFD has attracted more attention than AHP in the field of higher education. A common point among the literatures is that all previous researchers used QFD for course and curriculum design problems. Most of them proposed a single HOQ approach (Jaraiedi and Ritz, 1994; Wiklund and Wiklund, 1999; Duffuaa et al., 2003; Sahney et al., 2003; Chou, 2004; Sahney et al., 2004; Aytaç and Deniz, 2005) , whereas few of them used multiple
HOQs (Hwarng and Teo, 2001; Denton et al., 2005; Thakkar et al., 2006) to improve the quality of education.
In both single and multiple HOQ approaches, the previous researchers used the traditional scaling method to determine the importance ratings of customer requirements and the relationship weightings subjectively. This might result in a certain degree of inconsistency, and, therefore might degrade the quality of decisions made. To overcome this drawback, two groups of researchers (Köksal and Eğitman, 1998; Lam and Zhao, 1998) applied the integrated AHP-QFD approach for the course and curriculum design problem.
Nevertheless, AHP was used to determine the importance ratings of customer requirements only, but not the relationship weightings.
According to the above literature, none of the previous researchers have applied AHP or QFD to measure the performance of VLE systems. Lack of appropriate research contribution is the primal motivation of this paper. Besides, AHP is used to determine the relationship weightings of QFD in order to guarantee that the decision made is consistent and satisfactory.
"Take in Table I here"
Analytic hierarchy process
AHP, developed by Saaty (1980) , comprises three main operations, including hierarchy construction, priority analysis, and consistency verification. First, the decision makers need to break down complex multiple criteria decision problems into its component parts, of which all possible attributes are arranged into multiple hierarchical levels. The goal, criteria, and alternatives of each criterion are in the first, second, and third levels, respectively.
Second, the decision makers have to compare each cluster in the same level in a pairwise fashion based on their own experience and knowledge. Every two criteria in the second level are compared at each time with respect to the goal while every two alternatives in the third level are compared at a time with respect to their corresponding criteria. A judgment is made about which is more important and by how much. Subjective judgment can be depicted using quantitative scales which are usually divided into 9-point scale, shown in Table II , to enhance the transparency of decision making process. Based on the pairwise matrix, the priority of each element in terms of its contribution to the overall goal can be calculated. This process is referred to as synthesization.
"Take in Table II here"
Because the comparisons are carried out through personal or subjective judgments, some degree of inconsistency may occur. To guarantee that the judgments are consistent, the final operation called consistency verification, which is regarded as one of the greatest advantages of AHP, is incorporated to measure the degree of consistency among the pairwise comparisons by computing the consistency ratio. If it is found that the ratio exceeds the limit (0.10), the decision makers should review and revise the pairwise comparisons.
Quality function deployment
QFD is a structured product (or service) development approach. It is so-called because it emphasizes understanding and achieving customer requirements. In addition, this approach uses interfunctional team from marketing, design engineering, and manufacturing for developing the product or service. One of the tools of QFD is the HOQ, which is a matrix for relating the customer requirements with the product (Heizer and Render, 2006) .
There are several steps in constructing a generic HOQ. First of all, the interfunctional QFD team develops a list of customer requirements for the product. These requirements are then ranked in order of importance according to the customer perspectives. The third step is to identify specific product characteristics, features, or attributes that will satisfy the customer requirements. After that, the team relates customer requirements to product attributes, that is, determining the relationship weightings. Next, the team determines the relationships among the product attributes. This step aims at finding any conflicting product attributes, and then making a trade-off decision to overcome the conflicts. Based on the importance ratings of customer requirements and the relationship weightings, the importance ratings of the product attributes are computed. This step aims at determining the order of importance for the product attributes, and deciding which set of attributes should be given priority in product development. Following that, the performance of competing products is evaluated with respect to the customer requirements. Finally, the team determines the optimal settings for the product attributes, and compares the company performance with the competitor performance with respect to the optimal attribute settings.
The HOQ approach may involve a sequence of houses. For example, in the product development process, it may start with design characteristics, then leads to specific components, production process, and finally quality plan. The quality plan comprises a variety of decisions, including methods, procedures, sampling techniques, and tolerances that will ensure that the production process meets the customer requirements.
Proposed methodology
The proposed methodology, integrating AHP and QFD, for benchmarking VLE system alternatives is described in the following steps. As illustrated in Figure 1 , the approach comprises a series of three houses, including HOQ1 (refer to steps 1 to 5), HOQ2 (refer to steps 6 to 9), and HOQ3 (refer to steps 10 to 13).
"Take in Figure 1 here"
Step 1: Identify the HE stakeholders who use the VLE system.
Step 2: Determine the proportion of each stakeholder category.
Step 3: Identify the stakeholder requirements.
Step 4: Determine the relationship weightings between the HE stakeholders and stakeholder requirements using AHP (steps 4.1 to 4.7).
Step 4 , where n denotes the number of elements (stakeholder requirements in HOQ1), and a ij refers to the comparison of element i to element j with respect to each criterion (HE stakeholders in HOQ1). The 9-point scale, shown in Table II , can be used to decide on which element is more important and by how much.
Step 4 where C refers to a weighted sum vector.
Step 4 Step 4.6: Compute the consistency index, 1 max n n CI .
Step 4.7: Compute the consistency ratio,
where RI(n) is a random index the value of which is dependent on the value of n, shown in Table III . If CR is greater than 0.10, then go to step 4.1. Otherwise, go to step 5.
Step 5:
Compute the importance rating of each stakeholder requirement,
where S denotes the set of HE stakeholders, that is, S = {1, 2, …, m}, and p k denotes the proportion of stakeholder k.
Step 6:
Copy the stakeholder requirements (step 3) and their corresponding importance ratings (step 5) into HOQ2.
Step 7: Identify the VLE system features.
Step 8: Determine the relationship weightings between VLE system features i and its corresponding stakeholder requirements k, 2 ik c , using AHP (steps 4.1 to 4.7). Note that, in HOQ2, R denotes the set of VLE system features, that is, R = {1, 2, …, n}, whereas S denotes the set of stakeholder requirements, that is, S = {1, 2, …,
m}.
Step 9:
Compute the importance rating of each VLE system feature, Step 10: Copy the VLE system features (step 7) and their corresponding importance ratings (step 9) into HOQ3.
Step 11: Identify the VLE system alternatives.
Step 12: Determine the relationship weightings between VLE systems i and its corresponding VLE system features k, 3 ik c , using AHP (steps 4.1 to 4.7). Note that, in HOQ3, R denotes the set of VLE system alternatives, that is, R = {1, 2, …, n}, whereas S denotes the set of VLE system features, that is, S = {1, 2, …, m}.
Step 13: Finally, calculate the total score of each alternative VLE system,
, where 2 k w is computed in step 9.
"Take in Table III assignments, participate in discussions and group work, and take quizzes and tests. Currently, the university is planning to review the performance of VLE systems, including those being used and two other candidate VLE systems (system C and system D). The aim of this review is to determine which VLE is the best in terms of the ability of enhancing both staff and students experience of teaching and learning.
To evaluate and select the best VLE system, the higher education stakeholders who use the VLE systems are identified first. In this case, there are four categories: administrative staff, faculty members, postgraduates, and undergraduates. Then, the proportion of each stakeholder category is determined. In the third step, the stakeholder requirements are identified. According to the results of questionnaire, there are nine requirements of which the descriptions are shown in Table IV . To calculate the importance of stakeholder requirements, the relationship weightings between the stakeholders and their requirements are determined using AHP. For example, the procedure of calculating the relationship weightings for administrative staff is to construct a pairwise comparison matrix first as shown in Figure 2 .
Because all requirements are related to the administrative staff, there are nine elements in matrix A. For synthesization, a normalized comparison matrix is constructed as shown in Figure 3 . Based on matrix A , a column vector showing the relationship weightings between stakeholder requirements and administrative staff is constructed as shown in Figure 4 . To verify the consistency, a weighted sum vector is constructed as shown in Figure 5 . Then, the maximum eigenvalue of matrix A, consistency index, and consistency ratio are computed as follows.
"Take in Table IV Because CR is less than 0.10, the pairwise comparison for the administrative staff is consistent. Following the above procedure for determining the relationship weightings between the stakeholder requirements and the remaining three stakeholders, the importance ratings of each stakeholder requirement can be computed in HOQ1 as shown in Figure 6 .
Note that there are eight elements in the pairwise comparison matrices for the faculty members, postgraduates, and undergraduates. It is because the ninth requirement "provide after-sale service" is not of interest to them. According to HOQ1, "get started easily" is the most important requirement, whereas "provide after-sale services" is the least important.
"Take in Figure 6 here" After completing HOQ1, both stakeholder requirements and their corresponding importance ratings are copied into HOQ2, which links the requirements and VLE system features. In this case, there are 28 features that the VLE system should possess in order to achieve the stakeholder requirements. Table V shows the descriptions of system features.
Similar to HOQ1, AHP is used to calculate the relationship weightings between the stakeholder requirements and VLE system features in HOQ2. Certainly, the size of each pairwise comparison matrix is varied, and is dependent on the number of system features that will achieve a particular requirement. For example, there are four elements in the matrix for the requirement "upload/download documents and course work efficiently". They are "system speed", "multiple file uploads", "digital dropbox", and "continuous product evolution". All these four system features or elements are relevant to the requirement. After determining all relationship weightings between the nine stakeholder requirements and their related system features, the importance ratings of each feature can be computed in HOQ2 as shown in Figures 7 and 8 . According to HOQ2, "user-friendly" is the most important feature, whereas "ease of maintenance" is the least important.
"Take in Table V here" "Take in Figures 7 and 8 here"
In the last stage, both system features and their corresponding importance ratings are copied into HOQ3, which evaluates the VLE systems with respect to the 28 system features.
As mentioned earlier, there are four system alternatives to be evaluated, including two being used at the university and two other candidate systems. AHP is used again to calculate the relationship weightings between the VLE system features and system alternatives in HOQ3.
There are 28 pairwise comparison matrices constructed in which the size of each matrix is not always equal to four. Its size is dependent on the number of systems that possesses the equivalent feature. After determining all relationship weightings, the importance ratings of each alternative system can be computed in HOQ3 as shown in Figure 9 . Note that the summation of total scores is not equal to one (0.907). It is because all the systems can neither link with the Webmail portal (0.060) nor inform users of receiving new emails (0.034).
According to HOQ3, the performance of system B is the best, followed by systems A, C, and D. Therefore, the university should continue to run system B for the School of Business and School of Languages and Social Sciences, and also replace system A by system B for the School of Engineering and School of Life and Health Sciences.
"Take in Figure 9 here"
Result analysis
In this section, we focus on comparing alternative VLE systems with respect to the six most important requirements. These requirements are dominant because their total importance ratings are 0.916. The attributes of each requirement will be analyzed to understand why system B outperforms the others, and how its performance can be improved further.
First of all, the most important requirement is to "get started easily", in which there are four attributes as shown in Table VI . System B gets the highest score mainly because it is the most user-friendly platform. Unlike system A, it does not require any programming skills. In addition, it is easy to navigate and provides a comprehensive and integrated help support for the users, including user manual, tutorial guide, and multi-language support.
"Take in Table VI here"
The comparison of alternative systems with respect to the second most important requirement (i.e., "find and locate documents and course information easily") is shown in Table VII . System B should pay more attention to the improvement of its search engine. In the current version, it can only be used to search for the modules by module names or codes.
To facilitate users in finding the documents and course information easily, the search engine should be able to search for a particular document and file and also be incorporated with basic, advanced, or even expert search selection. Besides, system B should provide a direct link to the student record system as is the case with system A. This enables the students to find out the course and personal information, including module scheduling, examination scheduling, student placements, and so on. To increase its stakeholder satisfaction further, system B should obviously be able to inform stakeholders of new documents. For example, a popup window is shown if there are new documents and announcements. Moreover, different hyperlink style is used to differentiate between read and unread documents. A book function should also be incorporated in system B to allow users to find their favorite and frequently visited locations easily.
"Take in Table VII here"
The comparison of alternative systems with respect to the third most important requirement (i.e., "upload/download documents and course work efficiently") is shown in Table VIII . System B performs better than the other three systems except that a single file can only be uploaded to the system at a time. This will certainly decrease the efficiency of administrative staff and faculty members in cases where they have plenty of files to post.
"Take in Table VIII here"
The fourth most important requirement is "communicate and collaborate with others", in which there are eight attributes as shown in Table IX . Among them, system B scores the highest in five attributes. To improve its performance further, system B should focus on the remaining three attributes. First, the current version of system B can only be used to write and send (but not read) emails. Besides, emails can merely be sent to a specific group of stakeholders. To overcome this drawback, it should provide a direct link with the university Webmail portal so that the stakeholders can communicate and collaborate with others easily.
Second, system B should provide an instant messaging feature in the discussion board or forum. This enables a real-time communication between the stakeholders, and fosters knowledge sharing and transferring among the stakeholders. Third, system B should allow students to check the availability of module leaders and also make appointments for consultation.
"Take in Table IX here"
The comparison of alternative systems with respect to the fifth most important requirement (i.e., "provide emailing support") is shown in Table X . Besides linking with the university Webmail portal directly, system B should also be able to inform the stakeholders of new emails as the case with Microsoft Outlook Express.
"Take in Table X here"
Finally, the comparison of alternative systems with respect to the sixth most important requirement (i.e., "search for reference materials") is shown in Table XI . The performance of system B is worse than that of system A in three aspects. First, its search engine is not as robust as that of system A, as discussed earlier. Second, system B should provide a direct link with the library information system portal. This enables the students to search for reference materials directly and easily even if the module leaders have not provided a hyperlink to the portal. Third, it should have a book function to allow users to find their favorite and frequently visited locations easily.
"Take in Table XI here"
Note that systems C and D have not been mentioned in the above analyses. It is because their performance is worse than systems A and B. Therefore, the university should not consider either system C or system D unless they have made significant improvement in the system features that will satisfy the requirements of its stakeholders.
Conclusions
This paper developed an integrated multiple criteria decision making approach to measure the performance of alternative VLE systems. A case study was given to demonstrate how it works. In the approach, QFD was used to translate the higher education stakeholder requirements into multiple system features, which were also regarded as the evaluating criteria for benchmarking the systems. AHP was used to determine the relationship weightings consistently. The major advantage of this integrated approach is that the evaluating criteria are of interest to the stakeholders. This ensures that the selected system will achieve the requirements and satisfy the stakeholders most. Another advantage is that the approach can guarantee the benchmarking to be consistent and reliable. Besides selecting the best system for the university, in-depth analyses were carried out to examine the strengths of the selected system and also the way of eliminating its weaknesses so that its performance can be improved further.
There are three potential beneficiaries of this project, including decision makers of higher education institutions, higher education stakeholders, and VLE system developers.
First of all, the proposed approach can support the decision makers of universities in reviewing their existing VLE systems and determining whether it is necessary to replace the existing systems by a better one. Besides, the proposed approach can support the decision makers of universities, who are planning to set up a VLE system, in evaluating and selecting the best system. Certainly, the selection and adoption of an appropriate VLE system in a university is beneficial to its stakeholders in terms of teaching and learning. Finally, the proposed approach can support the VLE system developers in analyzing their strengths and weaknesses, and also identifying the opportunities and threats against the competing systems. Figure 9 . HOQ3 -linking VLE system features and VLE system alternatives Table I . Applications of AHP, QFD, and their integration in higher education Approaches Authors Applications AHP Kwak and Lee (1998) IT-based project selection Ozdemir and Gasimov (2004) Faculty course assignment Badri and Abdulla (2004) Faculty performance measurement Kim et al. (2005) Course and curriculum design Lee and Lee (2006) Subject evaluation and selection Ho et al. (2007) Resource allocation QFD Jaraiedi and Ritz (1994) Course and curriculum design Wiklund and Wiklund (1999) Course and curriculum design Hwarng and Teo (2001) Course and curriculum design Duffuaa et al. (2003) Course and curriculum design Sahney et al. (2003; Course and curriculum design Chou (2004) Course and curriculum design Aytaç and Deniz (2005) Course and curriculum design Denton et al. (2005) Course and curriculum design Thakkar et al. (2006) Course and curriculum design AHP-QFD Köksal and Eğitman (1998) Education requirement selection Lam and Zhao (1998) Teaching method selection After logging in the system successfully, stakeholders may find a list of modules in their VLE portal, particularly for students. Within each module, there may be numerous documents in the middle and end of semester. Therefore, they would like to find a specific file easily and efficiently 3. Communicate and collaborate with others Communication and collaboration include informing students about updated module information, giving feedbacks to students on assessments, getting feedback from students about teaching skill, asking module leaders about lecture materials and course works, brainstorming and sharing idea in discussion topics, and many other two-way conversations 4. Search for reference materials Reference materials refer to textbooks, reports, journal articles, conference papers, and newspapers 5. Provide emailing support Emailing is a prevalent form of communication for every stakeholder. Besides sending emails, the stakeholders would also like to read emails, forward emails, get notice of new emails, and save and retrieve email addresses 6. Be aware of unread documents/messages As there may be huge documents and messages in the modules, the stakeholders would like to identify which items are newly uploaded or have not read yet 7. Customize displaying layout and appearance This is especially important to faculty members because they have to keep control of module layouts, including which items should be included in the content areas, the sequence of items, the style and appearance of items, and so on 8. Get started easily Most of the stakeholders would like to use the VLE system for supporting their teaching and learning easily and without any complicated procedures or programming involved 9. Provide after-sale services This requirement was addressed by VLE system administrators. After-sale services, such as maintenance and upgrading, are crucial to them 
